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INTRODUCTION 
Abdominal Aortic Aneurysms (AAA) cause a large 
number of deaths worldwide every year. Current 
treatment includes Endovascular Aortic Repair (EVAR), 
when a compressed stent graft is inserted and deployed at 
the aneurysm to avoid placing the arterial wall under 
further pressure, under the guidance of X-ray 
fluoroscopy. However, customised stent grafts with 
fenestrations or scallops are essential for those AAA 
patients with complex anatomies, making up 45% of the 
total number of AAA patients [1]. Aligning fenestrations 
or scallops with renal arteries when stent grafts are 
compressed during this Fenestrated Endovascular Aortic 
Repair (FEVAR) is challenging under 2D X-ray 
fluoroscopy guidance, usually requires repositioning 
after deployment, and can cause possible massive 
haemorrhaging. 
Improving EVAR has been researched for years. 
Demirci et al. recovered stent graft shapes from one X-
ray image by registering 3D stent graft shapes onto an X-
ray fluoroscopy image [2]. Volpi et al. detected and 
tracked the stent graft deployment device on 2D X-ray 
images by Robust Principal Component Analysis [3]. 
However, these cannot indicate the orientation of 
fenestrations or scallops and cannot predict the deployed 
stent graft shape from its compressed state. 
In FEVAR, stent grafts are almost invisible under X-
ray fluoroscopy due to the influence of tissue. They are 
also compressed into a deployment device with 
maximum diameter 10𝑚𝑚. Stent rings (Fig. 2b) 
experience twist during manual compression and then 
untwist themselves during the deployment. In this paper, 
markers are sewn onto stent rings. Deployed stent graft 
shapes (Fig. 1b) are predicted from one fluoroscopic 
image (Fig. 1a) of its compressed state, through shape 
instantiation, by solving a RPnP (Robust Perspective-n-
Point) problem of placed markers that determines the 
pose of a camera from n correspondences between 3D 
reference points and their 2D projections. The twisting is 
recovered by selecting an untwisting reference based on 
experience. 
MATERIALS AND METHODS 
A stent graft was modelled as vertices on a circle  
[𝑅 ∗ 𝑐𝑜𝑠𝜃, 𝑅 ∗ 𝑠𝑖𝑛𝜃, 𝐻]  at different heights; 𝑅  is the 
radius, 𝐻 is the height, and 𝜃 ∈ (0∘, 360∘)  is the angle of 
each vertex. Triangles were generated regularly to 
connect these vertices (Fig. 2a). The compressed and 
deployed states of a stent graft were defined by 
modifying 𝑅 . Vertices within fenestrations or scallops 
were removed. The twisting of each circle was controlled 
by 𝜃 [4]. 
 
Fig. 1 Shape instantiation from one slice of the compressed 
stent graft fluoroscopic image: a. X-ray fluoroscopy of a 
compressed stent graft, b. shape instantiation result, c. the real 
deployed shape. 
With known preoperative 3D marker positions, the 𝑍 
axis was firstly chosen to divide RPnP into (𝑛 − 2) 
RP3P problems with equation systems: 
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All the possible selections of 𝑍 axis were tested and the 
one with least error was chosen. The depth of each vertex 
was determined by perspective similar triangles after 
solving for 𝑥. The relationship between 3D positions and 
2D projections can be written as: 
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The pose is solved by: 
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𝑐 and 𝑠 are 𝑐𝑜𝑠 and 𝑠𝑖𝑛 of the rotation angle along the Z 
axis while [𝑡𝑥, 𝑡𝑦, 𝑡𝑧]  indicate the translation. 
Normalization was applied on the transformation matrix 
of the intraoperative pose. Details of each parameter, the 
solution and normalization were stated in [5]. 
Five markers with different shapes were printed in a 
Mlab Cusing R machine (ConceptLaser, Lichtenfels, 
Germany) with SS316L stainless steel powder and were 
sewn on each stent ring to observe the twisting and 
untwisting during compression and deployment. Two 
phantoms (Fig. 2c) segmented from contrast-enhanced 
Computed Tomography (CT) data of AAA patients were 
printed on a Stratasys Objet500 (MN, USA). A 
customised stent graft (20mm diameter, 90mm height, 
Cook Medical, IN, USA) (Fig. 2d) was used for 
validation with a deployment device (Medtronic, 8mm 
diameter, MN, USA). The setup of the experiment is 
shown in Fig. 2e. 
 
Fig. 2 Modelling and setup: a. modelling of a customised stent 
graft, b. the real customised stent graft, c. the printed AAA 
patient phantom, d. the customised stent graft used in validation 
with markers sewn on, e. experimental setup. 
 
Two locations within the phantoms were selected for 
setup considering size and curvature fitting between 
phantoms and the stent graft. X-ray images were taken at 
13 view angles from [−90∘, 90∘] with 15∘ intervals. 
X-ray images and CT scans were collected using a GE 
Innova 4100 (GE Healthcare, Bucks, UK). 3D Slicer [6] 
was applied for segmenting and identifying 2D marker 
coordinates with 0.4𝑚𝑚  resolution. The C-arm, setup 
and X-ray fluoroscopy coordinate systems were 
registered together. The position drift caused by the C-
arm was corrected by aligning box centres. The angles of 
markers were approximated by the angles of their nearest 
vertices on the model. 
RESULTS 
The untwisting should be along the reference ring that 
fixates against the artery wall. As we have observed in 
customised stent graft deployment, this reference ring 
was usually the first one. However, during our validation, 
the stent graft was not customised for the phantom. The 
average angle untwisting of each marker in the two setups 
is shown in Fig. 3. Due to the mismatch between the stent 
graft and the phantom, the middle stent rings untwisted 
less than those towards the ends of the graft. In later 
shape instantiation, the 13th (setup 1) and the 16th markers 
(setup 2) (Fig. 2d) were chosen as the reference for 
untwisting. 
The average angle errors of shape instantiation for the 
two setups are shown in Fig. 4. We can see that the 
average angle error is approximately10° − 20°  and the 
performance is not influenced by the view angle. 
It takes less than 0.02𝑠  to instantiate a customised 
stent graft with five stent rings on an Intel(R) Core(TM) 
i7-4790 CPU@3.60GHz computer. This running time is 
linear to the number of marker sets used. 
 
Fig. 3 The average untwisting angle of each marker in the two 
setups. 
 
 
Fig. 4 The average angle error of shape instantiation in setup 1 
(top) and setup 2 (bottom) for 13 view angles. 
DISCUSSION 
The shape instantiation predicts a deployed customised 
stent graft shape based on one fluoroscopic image of its 
compressed state with a low angle error. This work 
improves visualisation of fenestrations or scallops for 
physicians to align them with renal arteries and hence 
increase the success rate of FEVAR. Future work 
includes shape instantiation with bending and improved 
determination of the reference ring to recover untwisting. 
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